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I SUMMAFiY 
I 
1 

Acceleration and steady-state performance of  a siqgle  tubulaz com- 
I bustor  operating  with four different  Fuel nozzles w e r e  determined at two 

simulated alt i tude,   part-thrott le  conditions.  The nozzles were the  dual- 
entry duplex  nozzle  usually  used i n  t h i s  corhustor, a single-entry  duplex 
type, and two simplex  nozzles.  Additional. tests w e r e  made over a range 
of i n i t i a l   f u e l  flows  (heat-release rate) while  maintaining  the combustor- 
inlet air variables constant at the  two altitude - engine  speed  conditions. 

.I 

The ra t e s  at which combustor temperature and pressure responded t o  
fuel  addition var ied with  the nozzles; an appreciable  response 1% was  
observed  with all the  nozzles.  Limiting rates of change of fuel f low 
(acceleration limLts) were observed o n l y  with %he dual-entry  nozzle;  the 
observed conibustion fa i lures  w e r e  a t t r i b u t e d   t o  an interrupted fuel-f low 
delivery  during  acceleration. A t  the   par t icular  altitude conditions used, 
heat  release rate w a s  not  found t o  be an  important  factor  in  controlling 
acceleration limits as w a s  suggested i n  a previous  investigation. No 
conbustion  failures were observed  during  acceleration  with three other 
nozzles  that gave uniform f low delivery,  excepting  those  accelerations t o  
f ina l   fue l - a i r  ratios producing  steady-state  rich blow-aut. These r e su l t s  
suggest t ha t  combustion failures during  high-altitude  acceleration are due 
t o  r i ch  blow-out limits being exceeded during transient  operation, o r  are 
due t o  discontinuity  in  fuel-flow  delivery, wWch is  a function  of fuel 
nozzle  used. ' 

The best steady-state combustion efficfencies were obtained  with  the 
dual-entry  duplex  nozzle because of" i t s  superior  atomization at these 
part-throttle  conditions. As this  nozzle also gave the  poorest  accelera- 
tion,  steady-state  efficiency performance is no reliable c r i te r ion  of 
t ransient  performance. 
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INTRODUCTION 
- 

Research is  being conducted at the NACA L e w i s  laboratory to deter- 
mine the  factors   that  8,f'fect engine  acceleration. As pezt of t h i s   r e -  
search, aa investigation of the  effect  of f'uel-nozzle  design on the  com- 
bustion behavior  during  fuel-flow  increase  in a single  tubular conibustor 
i s  reported  herein.. 

A study of one full-scale engine  indicated  that combustion  flame-out 
w a s  a factor  limiting  engine  acceleration at al t i tudes above 35,000 feet 
(ref.  1). Precise  control o f  the  fuel  input bring  accelerat ion was nec- 
essary i n  order t o  avoid  unstable conibustor operating  conditions. An in- 
vestigation  describing  co&ustion  response to   rap id  fuel-flow changes is  
reported  in  reference 2. L imi t ing  time  rates  of change of fuel flow 
(acceleration limits) were determined and the  effects  of certain  air-flow 
variables were studied.  Further.studies  indicated  that small variations 
in   t he  axial position.of  the  liner  with  respect  to  the  nozzle  affected 
b o t h  transient and steady-state performance (ref. 3). These investiga- 
t ions  (refs.  2 and 3) were conducted i n  a 3J5 combustor with a dual-entry 
duplex  nozzle, which is the  standard  nozzle  for  this combustor. r 
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The present  investigat.ion  used a similar-type combustor with four 
different fuel-injection  nozzles  to  determine  effects of  some variations 
i n  nozzle  design on t rans ienmnd steady-state conibustion  performance. 
The four  nozzles  provided a range of fuel-spray  characteristics at any 
given fuel flow rate. The 547 combustor chosen for  this  investigation 
was so designed that  variations  in  axial  position. o f  the  liner  with re- 
spect t o   t h e  nozzle would not occur. 

Data were obtained  with  the four  f u e l  nozzles at combustor-inlet 
conditions  simulating  58-percentrated  rotor  speed and al t i tudes of 35,000 
and 45,000 feet. Additions3 t e s t s  were conducted t o  determine the  effects  
of  init ial   (before.   acceleration) outlet temperature,  fuel-air  ratio, and- - 
heat-release rate on the  acceleration  characteristics. The data are ana- 
lyzed to   indicate   the  effect  of  fuel-spray  characteristics on steady-state 
conibustion efficiencies and transient coznbustor behavior.  Photographs of 
t h e  fuel  sprays  provided  by  the  four  nozzles  are  also shown and discussed. 
Descriptions of the special  apparatus and instrumentation  used  are 
presented. 

The axi 

APPARATUS AND W m T A T I O N  

Cornbutor . .  . 

. a l  relakion of the  l iner  to  the  nozzle ha 
I 

rs been shown t o   b e  
a variable  factor  influencing combustion  performance i n  the J35 colnbustor 
(ref. 3). For U s  reason, a 547-GE-19 single conibustor was chosen f o r  - 

- 



WACA F3.f E55H03a 
n 

3 

. 

this  investigation. The l i n e r  of t h i s  conibustor is anchored  near t he  up- 
stream end of  t he  combustor at the cross-fire  tubes;  thus, only  small 
axia l  movement of  the liner with  respect  to  the  nozzle  occurs as a r e su l t  
of l iner  thennal expansion-. The combustor-outer-housing w a l l  w a s  rein- 
forced  with m e t a l  bands t o  eliminate  structural  failure at low in t e r io r  
pressures. 

Codustor   Instal la t ion 

The codus tor  w a s  connected to   t he   l abo ra to ry   a i r   f ac i l i t i e s  as shown 
diagrammatically i n  figure 1. A i r - f l o w  r a t e  and a i r  pressure were rem- 
la ted  by  remote-control  valves  upstream and downstream of  the  combustor. 
A i r  f low w a a  measured by mean8 of a variable-area  orifice. In order  to 
assure a uniform air and exhaust  supply free of l i n e  surges, choke p la tes  
were placed  in   the inlet and exhaust  ducting  of  the combustor. Location 
and construction of these choke plates  are shown i n  figure 2. The i n l e t  
choke p la te  admitted alr through f i f t y  1/4-inch-diameter holes. The out- 
l e t  choke-plate assenibly consisted of two s lot ted  plates ,  one of  which 
w a s  movable with  respect  to  the  other,  permitting a range  of flow areas t o  
be  selected. The inlet choke p la te  and outlet  choke assembly were in-  
stalled in  the  ducting at positions  corresponding t o   t h e  last stage of  
the compressor and t o  the  turbine nozzle diaphragm in   t he   fu l l - s ca l e  
engine. 

Fuel-Injector Systems 

Two f u e l  systems w e r e  used t o  obtain  the  required flow rates f o r   t h e  
steady-state and t ransient  phases of  the  investigation. A conventional 
fue l  system containing fuel storage drums, pumps, rotameters,  piping, and 
manual regulating valves  w a s  used to  obtain  steady-state conibustion data. 
A separate fue system containing a pressurized  container,  motorized flow 
control  valve, and  surge chaznbers was used t o  obtain  transient data. A 
detailed description of  the fuel acceleration system is  given in  reference 
2. The fue l  used-was MIL-F-5624AY grade JP-4 (NACA fue l  52-288). 

The four  different   fuel   in jectors  used in   thia   invest igat ion were 
ins ta l led   in   the  same relative  posit ion  within  the combustor. A descrip- 
t i o n  fo l lows  : 

Dual-entry  dup1ex"nozile. - The dual-entry duplex  nozzle is  used i n  
the  J47 turbojet  engine. It has two internal  flow paths,  called  lmge and 
small s lots ,  which converge and feed out through a single or i f ice .  An ex- 
te rna l  f low d iv ider   sp l i t s   the  flow t o  each s lo t   pa th   in   the  engine  in- 
s ta l la t ion.  A t  luw flow ra t e s  all t he   fue l  goes through  the sm&ll slots. 
When the  pressure  .within  the  small-slot  path exceeds a preset d u e ,  ex- 
cess fuel is diverted t o  the  lazge  s lots .  An or i f ice   in   the   l a rge-s lo t  
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supply  line w a s  used i n   t h e   t e s t  apparatus t o  approximate the  action of  
t h e  external  flow  divider. The nozzle, supply piping, and location of * 
f’uel-measuring instruments are shown in   t he  following  sketch: 

Acceler&tl on f u e l  

Steady-atate 
f u e l  Measuring anemometer C 

f 
G 
P 

The transient  fuel-flow  rate was measured with a pressure- 
different ia l  pickup  and a constant-current  hot-wire anemometer. The 
pressure-differential pickup w a s  connected  across  the  orifice  in  the 
large-slot  fuel-supply  line, as shown i n   t h e  preceding  sketch. The pres- 
sure pickup,  properly  calibrated, measured steady-state fue l  flow accu- 
ra te ly  and w a s  used to  Indicate  the flow before  and-during  acceleration. 
The anemometer, instal led  in   the main fuel-supply  line, had a higher 
frequency  response  but w a 6  lese acqra t e i   t he  anemometer w a s  used t o  de- . 

termine  the  time  elapsed  during  the fuel-flow change. The signals ob- 
tained from both  flow-measuring  devices were recorded on an oscillograph. 

. . .  - 

Single-entry  duplex  nozzle. - This nozzle  has two flow slot   paths 
and a single   or i f ice  similar t o  the  dual-entry  duplex,  but division of 
flow is done within  the nozzle body. As the flow division  ia  internal,  
one supply l i ne  feeds the  nozzle aa shown by the  following  sketch: 

Acceleration fuel 
Steaay-et&te 
f u e l  Measuring anemometer 

Orifice  Pressure-differential 
pickup 
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The flow-measuring anemometer and pressure  pickup were ins t a l l ed   i n  series 
- i n   t h e  single fuel-supply  line. 

Simplex-type nozzles. - Two different  capacity simplex  nozzles were 
used. They w e r e  constant-area,  single-orifice  units having 60.0 and 15.3 
gallon-per-hour  capacities at 100-pounds-per-square-inch pressure differ- 
en t ia l .  The in te rna l   par t s  of a duplex  nozzle were removed and the s i m -  
plex  units were at tached  to   the end of  t he  duplex body. The supply l i n e  
arrangement was identical   with  the  single-entry duplex  arrangement. w 

(3, 

(D 
w 

Temperature  and Pressure  Instrumentation 

Combustor-inlet air temperature w a s  measured by two single-junction 
iron-constantan  thermocouples  located at s ta t ion  1 (fig.. 1). Steady-state 
combustor-inlet static pressure was meamred by   s ta t ic   t aps   loca ted  at 

ured at the  same s ta t ion  (2) with a diaphragm-type differential   pressure 
pickup and w a s  recorded on an-OsciUograph. 

1 s ta t ion  2 ( f ig .  1). Transient  combustor-inlet s ta t ic   pressure w-as meas- 

* 

Combustor-outlet gas temperature was measured by three five-junction 
chromel-alumel  thermocouple rakes located at s ta t ion  3 (fig.  1). These 
thermocouples w e r e  connected  through an averaging c i r cu i t  t o  a potentiom- 
eter and were used t o  indicate  steady-&ate  outlet  temperatures  before 
and after fuel  accelerations.  The rapid  variations  in combustor-outlet 
temperature  during the acceleration  process were indicated  by a single 
thermocouple that w a s  compensated fo r  thermal lag. The single thermo- 
couple, located between the  rake5 at s ta t ion  3, consisted of  0.010-inch- 
diameter w i r e s  butt-welded between two heavier  support w i r e s .  The posi- 
t ion  of the  single thermocouple junct ion  in   the gas stream w a s  selected 
t o  indicate  the same temperature as the average  reading of  t he  15 out le t  
thermocouples  during  steady-state  operation. The temperature indications 
were recordedby an oscillograph. A detailed discussion of the methods 
of  thermocouple  compensation is  given in  reference 2. The theory of com- 
pensation is presented i n  reference 4. 

T e s t  Procedure 

Transient cozdbustion response  chaxacteristics and steady-state com- 
bustion  efficiencies were studied at the  following  operating  conditions: 
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Simulated flight  conditions Outlet Reference In le t  In le t   In le t   s ta t ic  

Altitude, pressure, Rotor  speed, air 

OF lb/sec ature, 

temper- velocity, air - 
f t  ature, f t /sec flow, temper- in. Hg aba percent  rated 

OF 

35,000 
510 96 1.3 85 11.5 58 ... 45 , 000 
5 20 95 2.0 85 18 sa 

a 
These conditions  simulated  operation. of t h e  cO@m8tor in. a 5.2-pressure- 
ratio  turbojet  engine. at a f l igh t .  Mach  number of zero. Reference  veloci- 
t i e s  =e  based on the maximum cross-sectional  area of the .couibustor (0.48 
sq f t ) ,  the  inlet-air  density, and the mass-air flow rate. 

(D 
M . .- 

. . . . . . . . .. - .  

Combustor steady-state  temperature-rise data were obtained  with a l l  
four  fuel nozzles at the two operating  conditio-  noted. A t  each test  
condition,  data were recorded f o r  f ' u e l - a i r .  r a t ios  both higher and lower L 

than  those  required f o r  the outlet  temperatures shown in   the   t ab le .  

Transient combustion response data were obtained  in  the  following 
I 

manner: Steady-state combustion.was attained and the  transient  instru- 
mentation was calibrated  against  the steady-state instrumentation. The 
acceleration fuel system w a s  then adjusted and energized t o  increase f i e1  
flow at the  desired rate. For selected final values- of -el flow, the   ra te  
of fuel acceleration was increased by readjusting components of the ac- 
celerating system u n t i l  combustion fa i led  or  .the limit of the  fuel system 
w a s  reached.  This  procedure w m .  repeated  for  each combustor tes t  condi- 
tion  with each of .the  four fuel nozzles. Limited acceleration-  data were 
obtained  over a range of i n i t i a l  fuel=&  ratios t o  determine the  effects  
of i n i t i a l .   ou t l e t  Lemperature  and fuel-&. ratza. on acceleration limits. 

Method of Determining Fuel Acceleration  Ratee 

The fuel  acceleration  rates  referred  to  herein  represent  the mel- 
flow slopes and were computed as the change of fuel-air ra t io   per   un i t  
time. Figure 3 shows a sketch  0f.a.typica.l fuel trace as recorded  by  the 
pressure-differential Ipickup. Th i s  oscillograph  trace was obtained w i t h  
the  dual-entry  duplex  f'uel  nozzle. The acce lek t ion   r a t e  was calculated 
by dividing  the  difference between in i t i a l .  fuel-air ra t io .  .And f i n a l  fuel- 
air r a t io  by the amount of time  (seconds) between the  point on the  trace 
where the acceleration begins w d  the  poipt where the  fuel  flow f i r s t  
reaches  the f i n a l  flow ra te .  . .. 
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RESULTS 

Combustor Transient-Response  Chazacteristics 

w 
0-2 w 
(I, 

The transient-canibustion  performance data obtained  with  the  four 
nozzles at both simulated a l t i t ude  - rotor  speed  conditions are presented 
in   t ab le  I. TnCLuded in   these  tables  are data Lndicating  the rate of 
combustion response t o  fuel  acceleration. Confbustfon "dead t i m e "  is de- 
fined as the  t i m e  between the  start of  the  acceleration and the  point 
where temperature  and  pressure first exceed the i r  initial values.  Total 
response lag is  the time required mer the start of  the  acceleration  for 
the  combustor-inlet  temperature (as indicated  by  the  single compensated 
thermocouple)  approximately t o   l e v e l  off  at the  higher  temperature at the 
end of the  transient.  Both lag and dead t i m e  are a couibination of  fuel 
transport and combustion process the. 

Oscillograph  records  ty-pical  of  those  obtained a t  the  simulated 
35,000-foot a l t i tude  test condition  are  presented i n  figures 4 and 5. A 
composite plot  of  the  data  from figures 4 and 5 i s  presented in   f i gu re  6, 

(as indicated by the  s ingle  compensated thermocauple), and in le t - s ta t ic -  
pressure  variations during acceleratians w i t h  each of  the  four  nozzles. 
In most cases  the  fuel-supply system was adjusted  to  increase outlet t e m -  
perature from 520° t o  150O0 F during the acceleration. With the  smallest 
simplex  nozzle  (15.3-gal/hr)  available  supply  pressure limited the final 
temperature t o  about 1250° F. 

.a which shows f a i r ed  curves for .  the fuel-flow, cabustor-outlet-tmperature 

Results of two runs at different  acceleration rates with  the dual- 
entry duplex nozzle are shown i n  figure 6(a).  The gap i n   t h e  flow curves 
for  both runs resulted from the   t race  exceeding the  limits of the  C a l i -  
bration. A s  fue l  f low w a s  increased,  conhstor-outlet  temperature and 
inlet s t a t i c   p re s swe  first  decreased and then  increased; dead time was 
about 1.58 seconds. An outlet  temperature of &out lSOOo F was at ta ined 
i n  about 2 seconds (total  response lag). The dotted-line  curves  represent 
an unsuccessful  acceleration;  the more rapid  increase  in   fuel  flow re- 
su l ted   in  a decrease in temperature and pressure  with no recovery. Un- 
successful  accelerations following t h i s  response  path  are referred t o  a , ~  
"quench-out" points. Similar response  characteristics  of a 535 conibustor 
operating  with  the same dual-entry  duplex  nozzle are reported  in  refer- 
ence 2. Another unsuccessful  response  path,  called "blow-out", is re- 
ported in   reference 2. During accelerat ion  to  high f ina l   fue l - a i r  ratios, 
the  fuel  addition would provide some increase i n  temperature rise before 
flame  blow-out occurred. A possible  exglanation of  these  response p a t h  
is included later. 

Results  obtained in a typical  run with  the  single-entry duplex  nozzle 
are shown i n  figure 6(b). For t h i s  run, the  change from initial t o   f i n a l  
flow rate occurred i n  about  one-tenth of t he  time taken f o r  the  successful 
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acceleration run with  the  dual-entry  duplex  nozzle  (fig.  6(a)). 
Combuetor-outlet  temperature  and inlet pressure  resgonded  immediatdy t o  
the  increase  in  fuel flow; no intermediate  decreases were observed. The 
t i m e  required f o r  outlet temperature t o  reach  the final temperature of 
1500° F was, hawever, approximately the same wi% 50th  single- and dual- 
entry  nozzles. Once the temperature began t o  respond t o  the  increase  in 
f u e l  flow, it rose more rapidly  with  the dual-entry n a z l e .  

Response curve8 for  the 60.0- and'15.3-gallon-per-hour simplex 
nozzles  are  presented i n  figures 6(c) and (a), respectively. The fuel 
acceleration  time  with each  nozzle was about the same as wlth  the single- 
entry  duplex  nozzle. T.emperature and pressure  responded  immediately with 
both  simplex  nozzles,  but  they  increased more siowiy"bh&.with  the  duplex 
nozzles. Total response lag was greater with the  large  capacity  than x f t h  
the smaller capacity  nozzle. The conclusions  obtained from the  represent- 
ative  runs shown in  f igure 6 are supported  by  the  response time data for 
a l l  t h e  runs (table I). . 

L i m i t s  of Fuel Acceleration Y 

Effect of f i n a l  %el.-a$r..ratio. - Acceleration  rate,  calculated as 
the change in  fuel-&  ratio  per uni"-t;lme, is plotted  against  final  fuel- 
air r a t io   i n   f i gu re  7 for the  simulated 35,000- and 45,000-foot-altitude 
conditions. A l l  accelerations shown i n  figure 7 were star ted from fuel- 
air rat ios  required ta .give about 520° F for the 3!5,000-foot condition 
and 510° F f o r  the 45,OW-faot condition. The range of steady-state, rfch 
blow-autruel-air   ratios observed a t  the  higher  altitude is included on 
figure  7(b).  A t  the 35,000-foot a l t i tude  the rich blow-out fuel-air 
r a t i o s  were beyond the l i m i t s  of the  temperature  inetnunentation. The 
unsuccessful  acceleratton data were all quench-out points  with  the ex- 
ception of those  within  the  eteady-state,  rich blow-but region. 

U ~ S U C C & B S ~ U ~  accelerations were observed wi th  the  dual-entry  duplex 
nozzle at b o t h   a l t i t u d e   c o n d i t i o ~ j  linea are fa i red through the data t o  
represent limits of successful  acceleration.. No unsucceesf'ul  accelera- 
t ions w e r e  observed  with  the  other  three  nozzles at ei ther  test  condition 
except when the   f ina l   fue l -a i r  ratio was within  the  steady-state blow-out 
range (fig.  7 ( b ) ) .  A t  both  altitude  conditfons, the rmge of' f i n d  fuel- 
air r a t i o  investigated-provided  autlet  temperatures  in  excess of  the max- 
imum allotrable  turbine.-inlet  temperature,  about 1600° F. 

Effect of. i n i t i a l  ... condition_s_.>efore ~cen&eraQsn. - Acceleration data 
were obtained f o r  a range of initial f u e l - a k r a t i o s  at both simulated 
alt i tudes.  These accel&ations w e r e  made t o  a f i n a l   o u t k t  temperature .of 
about 1500° F. Acceleration  rate is plotted  against  fiel-air  ratio  before 
acceleration  in figure 8, and-against  combustor-outlet  temperature  and 
heat  -release rate before  acceleration  in. fagme 9. 
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The dual-entry duplex nozzle gave unsuccessfU  accelerations at both 
altitude  conditions. A t  the  35,000-foot' condition,  the  limiting  accelera- 
tion  value  increased  rapidly as fuel-air   ra t io ,   out le t  temperature, and 
heat-release rate before  acceleration  increased  (figs. 8 ( a )  and 9(a)).  
The trend was directly  opposite at the  45,000-foot  conitition (figs.  8(b) 
and 9(b)) .  

- 

rn w 
w 
CD 

No combustion blow-out or  quench-out was observed  with  the single- 
entry duplex and the  two simplex  nozzles  over the  range of initial condi- 
tions  represented  by  the data of  figures 8 and 9. No data axe sham on 
figures 8(a) and 9(a)   for   the 15.3-gallon-per-hour  nozzle; t h e   f i n a l  t e m -  
perature  with  this  nozzle w a s  limited  by  insufficient  fuel-supply  pres- 
sure. Hawever, successful  accelerations w e r e  obtained over  the same range 
of idtial conditions  to  &out 1250° F final temperature u i th   t he  15.3" 
gallon-per-hour  nozzle. 

i 

; *  Steady-State Conibust ion  Efficiency 

.& Steady-state combustion  performance data obtained. at combustor-inlet 
conditions  simulating  part-throttle  operation at 35,'OOO- and 45,000-foot 
a l t i tude  are presented i n  takle 11. Data were obtained at the low fuel-  
air ratios tha t  would exist during  engine  operation at par t  t h r o t t l e  a t  
any alt i tude.   Acceleration  to higher fuel-air  r a t i o s  would begin  with 
these  steady-state  conditions. Combustor-outlet temperature is  plot ted 
against  fuel-air-ratio, f o r  each of the  d i f f e r e n t  *+ nozzles, i n   f i g -  
ure 10. Included i n  figure 10 are l ines   of .constant  cornbustion effi-  
ciency;  by interpolating between these  Hues  the combustion efficiency 
vdue  of  each data point can be estimated. These l ines  of constant effi-  
ciency w e r e  computed a8 t h e   r a t i o  of enthalpy rise through the  cotribustor 
t o  heat  content of the  fuel.  

A comparison of t he  couibustion efffciencies  obtained  with each  nozzle 
at both  alt i tudes is presented.in figure.ll. The efficiencies are lawer 
at the   higher   a l t i tude.   hgenerd, .   the   dual-entry duplex  nozzle  provided 
the  highest   efficiencies of the  f o u r  nozzles,studied. The 60.0-gallon- 
per-hour simplex nozzle-gave  the  poorest performance, with  efficiencies 
&s much .as 48 percent lower th&  the  others at  a given. fuel-air r a t i o  
value. '- 

Spray  Characteristics 

I n  an effort   to  explain  the  results  obtained i n  this  investigation, 
a cursory  examination was made of the  spray  charact.eristic6  provided by 
each of the  Fuel nozzles. Motion pictures and s t i l l  photpgraphs were 
taken  of  each  nozzle  ejecting  water a t  flow rates s imilm t o  those  used 
i n   t h e  combustion  performance investigation. Both steady-state and tran- 
s ien t  flow observations were made. The cordbustor w a s  removed from the  
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test r i g  and the  nozzles  sprayed  into  the test room.  The 
systems tha t  were used t o  provide fuel i n  the gerformance 
supplied  water t o  the nozzles. 

same injection 
investigation 

Steady-state tests showed tha t  at any given flow ra te   the  different  
nozzles gave a wide range of spray  angles and drop sizes. A l l  the nozzles 
gave  hollow-cone-type  sprays when Fully developed-. ".The dual-entry  duplex 
nozzle produced the   f i nes t  atomization, w i t h  a spray  angle of about 170° 
through the small s lo t s  at low flows. &. flow increased,  and as the  large 
s lo t s  came into  aperation,  the  spray  angle converged t o  about 120°. The 
other  nozzles enrltted a narrow-angle  bulb-type  spray at-low f-lows that 
diverged t o  a fully developed cone a s  flow increased.  The fully developed 
spray  angles were llOo fo r  the  single-entry  duplex  nozzle, 8oo f o r  the 
large-capacity  simplex  nozzle, and 70° for  the  small-capacity simplex noz- 
zle. The large-capacity sirqplex  nozzle  produced the coarse&  atomization. 

Selected frames of  the motion pictures  taken of  the  single-entry and 
dual-entry  duplex  nozzle  spray6  during flow acceleration are presented i n  
figures 12  and 13, respectively. The spray  pattern development was the 
same during  acceleration as during  steady-state  conditions  for a l l  nozzles 
except the dual-entry  duplex. In figure 13 the spray from the  dual-entry 
duplex  nozzle Is shown t o  converge from a wide angle to a more narrow 
angle, with  the f l o w  output  ceasing  cmpletely for a period of about 0.02 
t o  0.04 second  during  the  transition. This flow interruption  occurred 
only when the  spray was emitting from the small s lo t s  at the start of the 
acceleration; no flow interruption was observed when both  slots were cm- 
pletely f i l l ed  at higher- flows. Since the fuel-measuring  instrumentation 
indicated an increase Fn flow during this flow interruption,  recirculation 
of the me1 within the  nozzle  and  infection system  probably  occurred. 

. . .  

DISCUSSION 

Operation of  the  single turbojet conibustor with  different fie1 noz- 
z l e s  showed that both  s teady-statnnd  t ransient  performance were affected 
by  nozzle design. Photographic  studSes of the  sprays formed at both 
steady-state and transient  condftions w i l l  be used t o  explain t h e  results 
observed i n  previous  investigations (refs. 2 and 3) and  those  reported 
herein. The discuesion is  divided .into two parts: (1) acceleration and 
( 2 )  steady-state combustion efficiency. 

Acceleration 

Response characteristics. - The previous  investigstion  conducted i n  
a 335 conbustor  with a dual-entry duplex nozzle shoued that combustor re- 
sponse t o  a rapid  increase in fuel  flow followed one o$ three paths: 
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(1) Successful  akceleration KLth sustained  burning at higher  levels 
of temperature,  pressure,  and fuel-& r a t i o  

(2) Acceleration to higher levels of temperature,  pressure,  and  fuel- 
air r a t i o  momentarily,  followed by combustion  blow-out i f  the f i n a l  
conditions  approached the steady-state,  rich blow-out limit 

(3) Immediate  combustion  blow-out  (quench out)  during  very  rapid 
ra tes  of fuel-flow  increase. 

I n  paths (1) and (2) dead ti= was observed as the inlet-air   pressure and 
outlet  temperature first decreased  and  then  increased  with  an  increase i n  
fuel-flow  rate. Response delay was shown t o  be one of the factors that 
made acceleration of an engine d i f f i cu l t  t o  control i n  the tests reporbed 
i n  reference 5. Delays  of  about  0.03  second, which consisted of f u e l  
transport and  combustion  process time, were observed  during  acceleration 
at sea level .  with the J35 and dual-entry  nozzle combustion  system, the 
observed dead ti= was 0.25 second at the 25 000-foot simulated  altitude 

4 
! ! *  

j 4  
J and  about 2.0 seconds at 50, OOO fee t  (ref. 22 . 

Similar  response  paths were observed i n  the present  investigation 
with the 547 combustor  and' dual-entry  nozzle; the observed dead time was 
1.58  seconds at 35,000-foot  simulated alt i tude  (fig.   4(a),  run 13). Also, 
a comparison of the response time data i n  tables I(a) and (b) shows 
that t o t a l  response lag increased with a l l  the nozzles as a l t i tude   in -  
creased from 35,OOO to 45,000 feet. 'Be response  characteristics with 
the single-entry  duplex and the two sFmplex nozzles were qui te   different  
(figs.  4(b) , (c) , and (dl). Combustor-outlet  temperatures and inlet 

added fuel;  during successful  accelerations  they  increased  immediately 
with no dead time. However, response was observed with these  nozzles. 
The temperature and pressure  during  successful  acceleration did not 
a t t a in  the higher  levels as fast 8s the   fuel  could be added; the  time 
required varied with the individual  nozzle. For all the runs with the 
nozzle  producing the slowest  temperature  response, the average  response 
lag time was 7.8 seconds at the highest simulated altitude  condition 
( table   I (b)) .  This type of delay would probably  not be as harmfXl as 
the dead-time  type of response, since  there would be less tendency to 
cause  overshoot of the  scheduled fuel'flow during acceleration; buk re- 
sponse lag times of this magnitude m e  obviously  appreciable when cm- 
pased t o  the 20 to 40 seconds that might be required for an e.ngine ac- 
celeration at 45,000 feet. 

. static  pressures did not  follow  the  dip-and-rise  pattern  in  response to 

The var ia t ion  in   type of response lag observed may be explained by 
considering  the manner in which the nozzles  spray  fuel during accelera- 
t ion.  . The photographs showed that  the dual-entq duplex  nozzle  ceased 
f low output  immediately after the start of aeceleration. The other noz- 
zles had no such interruption; their sprays diverged  into a fully devel- 
oped cone uniformly. This flow  interruption with the dual-entry  nozzle 
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decreased  the amount of f u e l  being burned  during the init ial  stage of the 
acceleration,  result ing  in  the momentary decreases i n  temperature and - 
pressure.  After  the  interruption, the fuel  entered the combustion zone 
a t  a more rapid rate than the calculated  acceleration time would indicate, 
as shown by the f u e l  flow traces of figure 4(a) .  Bgher acceleration 
rates, then, resulted i n  overloading a primary combustion zone i n  which 
the heat-release rate had already been reduced by the in te r rup t ion   i n  
f u e l  flow. Only a portion af' the f u e l  would therefore burn  before b l o w - .  
out  occurred  (response  path 2) .  The following two possibh  interpreta- 
t ions are suggested f o r  quench-out (response path 3) : (1) s t i l l  faster 
accelerations would result i n  sudden, complete quench-out of the combus- - 8  
t ion  with l i t t l e  o r  none of the added fuel  being burned; and (2) the 
nature or duration of flow inkrrupt ion  may have changed. as acceleration 
rate increased,  reeulting tn combustion lean lidt blow-out with not 
enough fuel  present t o  support combustion. In  reference 2, the initial 
decreases i n  temperature and pressure were at t r ibuted solely t o  the in- 
creased  fuel  vaporization  occurring  during  the  acceleration. While vapor- 
izat ion may have influenced the accelerations i n  the present  Investiga- 
t ion,  the fac t  that no initial decrease Wa6 noted with the three single- 
entry n0zzle.s  indicates that flow iuterruption wa6 the primary  factor. .. 

Acceleration limits. - No unsuccessful  accelerations were obtained 
with the  single-entry  duplex and twr, simplex  nozzles up to   the  maximum 
-acceleration  rates  provided by the equipment (fig.  51, excepting those 
accelerations w h e r e  the   f ina l   fue l -a i r   ra t ios  were i n   t h e  range of rich- 
l imit  steady-state blow-out.  Acceleration limits were obtained Kith the 
dual-entry  nozzle i n  both the J47 combustor  used i n  this investigation 
and the J35 combustor used previously  (refs. 2 and 3). These previous 
investigations  indicated that the limiting  acceleration  rates  increased . 
as init ial  out le t  temperature and heat-release  rate  increased; a eimiLarr 
result was observed at the 35,000-foot-simulated-altitude  condition i n  
this i n v e s t i g a t ~ o ~ i   ( f i g .  7 ( a ) ) .  ~hese   acce le ra t ions  were a l l  started i n  
the fuel-flow range where interruption of the flow occurred. 'Ilhe in-  
crease i n  limiting acceleration rate indicates that the effects of fuel-  
spray  interruption become of lesser  importance as the volume of burning 
i s  larger o r  the nature of the flow interruption changes. A t  the 45,OOO- 
foot simulated altitude,  increasing these inlet variables did not permit 
faster acceleration  rates j Instead,  the  Umits  decreased (figs. 6(b) and 
7(b)). The more severe  inlet-air  conditions  present at this higher al t i -  
tude  appmently  resulted i n  unstable combustion, and rich-limit  fuel-air 
ra t ios  were-reached i n  the primary zone during  acceleration. Unsuccess- 
ful   accelerations at the higher fuel-air ra t ios  resulted f r o m  blow-out. 

Axial position of the dual-entry  duplex  nozzle was shown i n  reference 
3 t o  have a marked influence on acceleration performance at a l t i tude  con- t 

ditions. For the complete range of nozzle  positions and  combustor-inlet 
conditions  covered i n  reference 3, the data showed differences i n  accel- 
eration limits of a b u t  one order of  magnitude. The highest acceleration - 
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rates were observed when t h e   t i p  of  the  nozzle was nearly flush wLth the 
contour of the dome inner wall. These high acceleration  rates may be due 
t o   f u e l  wash on the  l iner  dome that counteracted the ef fec ts  of the  fuel-  
flow  interruption. The f u e l  on the walls may have acted as a reservoir 
to supply the combustion with fuel  during the flow interruption. With 
the wide spray angle produced by the dual-entry  nozzle,  the amount of 
fuel impinging on the walls would be expected to increase as the nozzle 
was shifted upstream. 

0, 
0 4  

w In  summary, acceleration performance of the J47 combustor was gov- 
0) erned by the manner i n  which the f u e l  nozzle  operated during acceleration. 

Temperature  and pressure  response to   fue l   addi t ion  w a s  different with the 
different  nozzles; two types of response lag  were observed. Unsuccess- 
ful   accelerat ions t o  fue l -a i r   ra t ios  below steady-state r ich   l imi t  blow- 
out were observed  only with the  nozzle that produced an interrupted  flow 
during  acceleration.  Increases in ini t ia l  heat-release rate did not 

tude  conditions  investigated, as was observed i n  previous tests (ref. 2 ) .  
With fuel  nozzles that provided  uniform flow increases during accelera- 
tion, combustion failures  occurred when the f i n a l  fuel-air r a t i o  was with- 
i n  the range of steady-state r i c h  blow-out. B i s  emphasizes the need f o r  
a suff ic ient  margin  between r i c h  blow-out f 'uel-air   ratios and the fuel-air  
ratio  necessary  to  give enough temperature rise f o r  engine  acceleration. 

- consistently  increase  acceleration limits with  thfs  nozzle at the alti- 

-. 

These results apply only t o  the equipment, fuel, and range of v&a- 
bles investigated. Also, the results  obtained with the dual-entry  duplex 
nozzle may not  apply r i g i d l y  to  an.engine  using these nozzles. It i s  not 
known i f  the e a n e  f u e l  supply  and  control  apparatus  used wlth the noz- 
zles produce flow interruptions  during  transient fuel additions. 

Combustion Eff'iciency 

of the four uoziles used, the dual-entry  duplex  nozzle gave the 
highest  efficiencies and the lmge  simplex the Lowest at both  alt i tude 
conditions  (fig. 9 ) .  These -efficiency data were obtained i n  the low 
fuel-air-ratio range that would correspond to   par t - throt t le   operat ion.  
A t  these  fuel  f lows , the spray  photographs showed that the dusl-entry 
duplex gave the finest atanization and the widest spray angle, Ule the 
large  simplex gave the poorest  atomization aud narrowest spray angle. 
The efficiencies were lower with the simplex  nozzle  because (1) the poorer 
atomizatlon  increased the time required for f'uel  vaporization,  and (2) the 
narrow spray  angle  reduced fuel-air mixing i n  the primary combustion zone. 
With this nozzle, the efficiency  increased  rapidly with fue l - a i r   r a t io  
because  of improvement in spray  configuration and atomization at the high- 
er fuel  flows. The ef fec ts  of fuel-spray characterist ics on combustion 
performance  have  been investigated  and  discussed  previously i n  references 
6 and 7. 
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A compaslson  of steady-etate  efficiency and acceleration performance 
of the nozzles shows that acceleration performance did not depend on coin- 
bustion  efficiency at the initial conditions.  Successful  acceleration 
data were obtained at m a x i m u m  acce1era;tion rates with f u e l  nozzles giving 
large  differewes i n  combustion efficiency at the operating  conditione 
preceding the acceleration. 

SUMMARY OF RESULTS 
a 
KI 
u) 
M Transient and steady-state combustion  performance of a single.tubular 

combustor with four different  fuel  nozzles wa8 measured at simulated part-  
thrott le  al t i tude  condltions.  The nozzles were a dual-entry  duplex  type, 
a single-entry  duplex,  and.two s i q l e x  nozzles. The resu l t s  were as fol-  
lows : 

1. For a given acceleration rate, the manner and time i n  which the 
combustor-outlet  temperature  and inlet static  pressure responded t o  fuel 
acceleration were affected by the  nozzles. Two types of response lag 
were observed3 with the dual-entry  duplex  nozzle a "&ad time" WBB ob- 
served befare the te-erature and pressure  increased above their fnitial 
values; with the other nozzles the temperature and pressure  increased 
immediately  but did not  reach their final values as rapidly a6 did the 
fuel-flow rate. B o t h  types of time lag  consisted of fuel transport and 
combustion process time. 

2. Limiting  rates of acceleration were observed with the dual-entry 
duplex  nozzle; these cambustion failures were at t r ibuted to an interrup- 
t i on  in fue l  flow provided by this nozzle. Combustor-inlet air conditione 
and fuel flow were shown to  affect  these.accel.eration UmFts. The effect  
of init ial  fuel-air  r a t i o  (heat-release ra t e )  on accehra t ion  U m i t s  wae 
not  consistent at two altitude  conditions  and  could not be used rigidly 
to  control  acceleration  limits, as had been  .suggested i n  a prevlous 
investigation. 

3. Except for steady-state rich-limit bluw-out, no combustion fail-  
ures were observed during acceleration with a single-entry duplex and 
two different capacity  simplex  nozzles. W i t h  these nozzles, the fuel 
flow to   the  combustor increaBed unfformly during acceleration. 

4 .  A t  pa,rt-throt.tl&  operation, -the highest combustion efficiencies 
were generally obtained with the dual-entry duplex nozzle, which produced 
the finest-.  atomizatiop and the widest. spray angle at these. cqndLtion8. 
Since this- nozzle gave the poorest  acceleration  chaxacteristics, it ie 
apparent. that steady-state  efficiency performance i 6  no c r i te r ion   for  - 
judging  transient  .performance.. . . - .  . . . .. . . ." . ." . . .  . . . . . .  . .  

. -  
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- 
Acceleration  performance was governed by the manner i n  whfch the   fue l  

nozzles  operated during acceleration. The only combustion fa i lures  ob- 
served  resulted  either from a steady-state, r ich  fuel-air-rat io  limita- 
t ion,   or from a discontinuity i n  fuel flow during acceleration. These 
resu l t s  show no effect of transient  fuel  f lows on the  abi l i ty  of the com- 
bustion  process t o  produce temperature rise al lowlug ti@ f o r  equilibrium; 

Crr they  suggest that, combustion fai lurea during acceleration axe not a re- 
w sult of rate limitations for some phase of the combustion process, such m 
03 as vaporization  or  kinetics, as long as steady-state operating E m i t s  are 

not  exceeded. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, August 4, 1955 

1. Conrad, E. W i l l i a m ,  Bloomer, Hmry E., and Sobolewski, Adam E. : Al- 
titude  Operational  Characteristics of a Prototype Wdel of the J47D 
(Rx1-1 and Kx1-3) Turbojet  Engines  with  Integrated  Electronic COR- 
t r o l .  NACA RM E5lEO8, 1952. 

2. Donlon, RLchard H., McCafferty, Richard J., and  StraLght, David M. : 
Investigation of Transient Combustion Characteristics i n  a Single 
Tubular Combustor. NACA RM E53LL0, 1954. 

3. McCafferty, Richard.J., and Donlon, Richard H.: m f e c t  of Fuel Nozzle 
Protrusion on Transient  and  Steady-State Turbojet Combustor Per- 
f ormance . NACA RM E5axo8, 1955. 

4. Shepard, Charles E., and Warshawsky, Isidore: Elec t r ica l  Techniques 
for  Compensation of Thermal Time Lag  of Thermocouples and Resistance 
Thermometer Mements. NACA TN 2703, 1952. 

5. Delio, G. J., and Stiglic,  P. M. : Ecperimentd Investigation of Con- 
t r o l  Signals and the Nature of Stall and Surge Behavior i n  a 'Pur" 
jet  Engine. NACA RM E54Il5, 1954. 

6. McCafferty, Richard J.: E f e c t  of Fuels  and Fuel-Nozzle Characteris- 
t i c s  on  Performance of an Annular C o m b u s t o r  at Simulated  Altitude 
Conditions. NACA RM -F&CO28, 1948. - 

7.  Olson, Walter T., C h i l d s ,  J. Howard, and Jonash, Edmuna R. : Turbojet - Combustor EFficiency at Bigh Altitudes. NACA RM E5OI07, 1950. 



16 - NACA RM E55E03a 

TABLE I. - T'FUNSIENT CaMBusTION F"0FMANCE DATA WITH FOUR 

NOZZLES FOR 3- ALTITUDES 

f 
[Shauhted rotor speed, 58 percent  rated;  inlet   static 
pressure, 18 .O in. FJg abs; a i r  flow, 2 .O lk/sec;  inlet 
temperat=, 85' F; reference  velocity, 95 -ft/sec. 3 

(a) Altitude, 35,000 feet 

lnitial 
fuel- 
a i r  
r a t io  

,Final Accelera- Time for 
l fue l -  acceler- 

ratio aec r a t i o  
fuel-air- ation, air 
tion ra te ,  

change/sec 

Combus- 

lag, dead 
response , t ion 
Total 

time, 8ec 
se c 

Combus - 
t ion  re- 
sponse& 

1 
I Dual-entry duplex nozzle I 

5 
6 

0.0062 

9 
8 
7 

10 
11 
12 
13 
14 
15 
1 6  

18 v 

19 .0069 
20 .0069 
2 1  ,0083 
22 .0076 
23 .0072 

1 7  . 

0.0128 
.0128 
.015 7 
.0157 
..0194 
.0194 
.0212 
.0212 
.0233 
.0233 
.0264 
.026i€ 
.0282 
.0282 
.0230 
.0230 
.02 24 
.0224 
.0224 

0.17 
.15 .44 
.34 
.68 

1.m 
.86 
.60 

.80 

.80 .84 

.66 

.72 

.55 

.20 

.24 
20 

1.4 

1.1 

0.038 
.044 
.022 
.028 
.019 
.012 
.017 
.025 
.013 
.021 
.018 
.025 
.025 
.033 
.022 
,029 
.070 
.062 
.076 

"" 1 
"" 

0.63 
"" 

1.40 
1.64 

1.58 

2.04 

.90 

.88 

.26 

.28 

"" 

"" 

- -" 
"" 

"" 

" - - 

as,  success^; Q, unsuccessful (quench-out) . 

"" -" - 
1.79 
"" 

"" 

2.02 
2.16 

2 -00 

2.88 

2.06 

1.84 

1.62 
1.62 

"" 

"" 

"" 

"" 

"" 

"" 

S 
Q 
S 
Q 
Q 
S 
S 
Q 
9 
Q 
S 
Q 
S 
Q 
S 
Q 
S 
S 
Q - 

c 

I 
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TABU I. - Continued. TRANS= COMBUSTION P-CE DA!U 

[Simulated rotor speed, 58 percent rated; inlet static 
pressure, 18.0 in. Hg abs; air f l o w ,  2.0 lb/sec; inlet 
temperature, 85'. F; reference velocity, 95 ft f sec .] 

(a) - Concluded.  Altitude, 

sec ratio 

35,000 feet. 

Single-entry duplex nozzle 

70 
71 
72 
73 
74 
75 
76 
77 
78 
79 - 

0.12 

1 
.13 
.14 .l2 
.ILL 

~ 

0.14 
.13 
.12 
.ll 
.13 
.15 
.15 
.092 
.078 
.056 

"" 

"" 

"" 

"" 

"" 

"" 

-" - 
"" 

"" 

"" 

60.0-gal/hr simplex nozzle 

85 0.010 

1 88 
89 
101 , . o u 9  
102 .0088 

0.0188 
.0199 

~ .0216 
~ .0254 
.0243 
.0232 
.0229 

0.32 
.ILL 
.ILL 
.l2 
.12 
.12 
.12 

0.073 
.os0 
.10 
.I" 
.12 . 094 
.l2 

15.3-gal/hr simplex nozzle 
~ 

0.0161 
.016 7 
.0149 
.0129 
.016 7 
.0165 
.0162 
.0162 

0.12 
.12 .l2 
.12 
.ll 
.13 .12 
.I2 

2 .o 
2.2 
1.4 
1.9 
1.0 
1.4 
2.0 
1.3 
1.9 
1.8 

"- 
"- 
9 .o 
6 .O 
6.5 

"- 

0.072 6 .O S "" 

.078 

6.5 "" .093 
5.5 "" .042 
5.5 "" .051 
3.5 "" .077 
4 .5 "" .oQ6 
8.0 "" .062 . 
4.0 "" 

17 

&S, successful; Q, unsuccessful (quench-out) . 
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TABLE I. - Contined. TRANSIENT COMBUSTION PERFaRMANCE DfQA 

- 
Run 

- 
- 

27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

[Simulated rotor speed, 58 percent-rated; inlet static 
pressye, l l . 5  in. Hg abs; air flow, 1.3 lb/sec; inlet 
temperature, 85' F; reference velocity, 96 ftlsec.3 

(b) Altitude, 45,000 feet 

Initfal 

sec ratio  ratio 
ation, air air 
acceler- fuel- f'uel- 
Time for  Final 

I I 

3.0070 
.0070 
.0068 

I 

.0085 

.0085 

.0107 

.0107 

.0128 

Accelera- Combus- 

ratio 

tion rate, tian 
fuel-air- dead 

c-e/sec 

Dual-entry duplex nozzle 

3.0176 

1.0 .0212 
1.5 .0212 

.74 ,0186 
1.2 .0186 
1.1 .0176 
1.4 

2.5 .0214 
2.2 .0214 
1.4 .0214 
1.2 .0207 
1.5 ,0201 
1.2 .0207 
2.0 .0207 
5.5 .0357 
2.4 ,0368 
2.5 . .0324 
3.0 .0324 
1.3 .0278 
2.0' .0278 
1.4 .0260 
1.9 ,0260 
1.3 .0248 
1.6 .0248 
1.0 .0226 
1.4 .0226 

0.0076 
. o n  
.0098 
.016 
.OO96 
.014 . . . 0l.l 
.015 . O U  
.014 
.010 
,014 . 
.010 
.016 
.0086 
.010 
.012 
.0052 
.0070 
.012 
.0081 
.010 
.0076 
.0049 .a334 

2.6 

2.0 

2.9 

2-5 

2.2 

2.2 

1.7 

"- 
"- 
-" 
" - 
"- 
"- 
"e "- 
"e "- 
"- 
2.6 

1.4 

2.2 
5.3 
4.4 

-" 
-" 

Total 
response 
I-%, 

6ec 

Combus-  
t ion  re- 
sponsea 

S 
Q 
S 
Q 
6 
Q 
8 
Q 
S 
Q 
S 
Q 
S 
Q 
S 
Q 
B 
B 
S 
Q 
S 
Q 
B 
B 
B .  

as, successfW.; Q, unsuccessful (quench-out); B, unsuccessful 
(blOw-OUt). 

.. 

m 

m 2 

L 

I 
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WITH FOUR NOZZIW FOR 8- AElTKKZS 

[Simulated rotor speed, 58 percent  rated;  inlet  static 
pressure, ll.5 in. Hg abSj  air flow, 1.3 Ib/sec;  inlet 
temperature, 85' 3'; reference  velocity, 96 ft/sec.] 

1 
I 

i 

- 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 - 

93 
94 
95 
96 
97 
98 
99 
LOO 

lnitial 
fuel- 
air 
ratio 

1 .m94 

i 
.(X96 
.OO96 
.0096 . Oll3 . OIL3 . Oll3 
.0122 

(b) - Concluded.  Altitude, 45,000 

Slngle-entry duplex nozzle 

1.0237 
.0269 
.om1 
-0312 
.0334 
. O X 4  
.0366 
.0246 
.0259 
.0269 
.026 7 

3.0128 

.0107 
.0261  .0152 
.0268 .Ol28 
.0288 .Ol28 

, .Os8 .0128 
0.0368 

.0208  .0128 

.0229  .0128 

.0261 

1 

0.15 
.14 
.15 .ll 
.13 
.13 
.13 
.13 
.13 
.13 
.13 

0.095 
.12 
.13 
.20 
.18 .I3 
.21 
.10 .ll . 12 
.ll 

60.0-gal/hr simplex nozzle 
0.12 

.062 . 13 .OS2 .u. .15 .10 
-091 .12 
.12 .12 
.12 .13 
.18 .l2 

0.20 

I 

15.3-434r s~nrplex nozzle 
106 

.14 .12  .0256 .009 l l 6  

.13 .12 .0246 .009 115 

.13 .12  .0231  .009 114 

.14 .ll .02l2 . W 8  U 3  
-12 .l2 .02l2  .0073 ll2 
.089 .12 .02l6 .Oll8 u1 
.ll .ll .0220 .0107 U O  
.u. .l2 .0222 .009 LO9 
.098 .ll .0198  .009 L O 8  
.078 .ll .0176 .009 LO7 

-" 0.087 0.08 0.0160  0.009 "- "- - " 
" - "- 
-" "- 
"- "- 
" - 

feet . 
response  tion re 

5.0 
6 .O 

B 

7.2 
S 8.0 
B 

S 9.5 
S 8.0 
S 8.3 
S 

10.5 S 

5.5 
6.1 
5.0 
9.0 
8.2 
5.2 
7.0 
7.5 - 

8.4 
7.0 
6.0 

&s, successful; Q, unsucceesm (quench-out) ; B, unsuccessful 
(blow- Out ) . 
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TABLE II. - "STm CmsTIm -a DATA 

[Simulated ro tor  speed, 58 percent  rated.] 

Ccmibustor- Ccmibustor- Air Combuetor I,. in. static Hg abs persture, inlet tern- flow, lb/sec velocity, reference 

1 

.94 940 ,0125 90 96 2.0 90 18.0 35,000 4 

.96 730 .0090 65  96 2.0 90 18.0 35,900 3 

.91 530 .0062 45 96 2.0 90 18.0 35,000 2 
0.82 420 0.0051 37 96 2 .o 90 18.0 35,000 

24 45,000 U.5 90 1.3 

.76 730 .Oll5 54 97 1.3 90 U.5 45,000 26 

.76 660 .0102 48 97 1.3 90 U.5. 45,000 25 

.75 500 .0073 34 97 

Single-entry duplex nozzle 
66 

.80 730 .0109 51 97 1.3 90 ll.5 45,000 54 

.74 630 .0100 47 97 1.3 90 U.5 45,000 53 

.52 430 .OB5 40  97 1.3 90 ll.5 45,000 52 

.88 840 .OIL7 84  95 2 .O 85 18.0 35,000 69 

.86 750 .01W 75 95 2.0 85 . 18.0 35,000 68 

.81 595 .0083 60 , 95 2.0 85 18.0 35,000 67 
0.63 410 0.0067 48 95 2.0 85 18.0 35,000 

60.0-gal/hr simplex nozzle 
80 

1.3 85 11.5 45,000 92 
1.3 85 ll.5 45,000 91 
1.3 85 11.5 45,000 90 
2.0 90 18.0 35,000 84 
2.0 90 18.0 35,000 83 
2.0 90 18.0 35,000 82 
2.0 90 18.0 35,000 81 
2 .o 90 18.0 35,000 

- 
ll7 
ll8 
ll9 
120 
121 
103 
104 
105 - 

96 
96 
96 
96 
96 
96 
96 
96 

. (1103 540 60 
410 .48 
805 .65 
600 .52 
410 

15.3-@/hr stmplex nozzle 

35,000 

.e4 820 .0120 56 96 1.3 85 U.5 45,000 

.66 405 .0062 45 95 2.0 85 18.0 35,000 

.82 550 .0075 54 95 2.0 85 18.0 35,000 

.93 715 .0092 66 95 2.0 85 18.0 35,000 

.94 860 e O l l . 2  81 95 2; 0 85 113.0 35,000 
0.94 950 . 0.0129 93 95 2.0 85 18.0 

45,000 
.60 435 .0077  36 96 1.3 85 u.5 45,000 
.75 635 .0098 46 96 1.3 85 u.5 
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Figure 2. - InetruBentaficol for accelmatiton studies. 
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"-" 
Final fuel flov 

-Time f o r  acceleration 

Figure 3. - Typical oscillograph trace of a fuel  acceleration (ramp). 
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Fuel flow ( a s  measured by anaomonster). 

Inlet s t a t i c  prearrure. 

(b) Unsuccessful acceleration; ruu 14. 

Figure 4. - Concluded. OscFUogragh t r a c e  of combustar variablca fuel acceleration with dual-entry 
duplex nozzle. E b u l a t e d  altitude, 35,ooO feet; rotor apeed, 58 percent rated. Chart sped, 25 diYi- 
sians per aeaond. 



- . . . . . . . . . .. . .. 

Fuel flow (as measured by dFfferentia1 presmre p i c h p ) .  chart speed, 25 divleione per second 

1 

Compensated outlet temperature. Chart 
speed, 5 divfeions per eecond. 

Inlet   stat ic  preesure. (!hart meed, 
5 aiviBlons per second. 

(a) Successful acceleration; slagle-entry duplex nozzle; run 71. 

Figure 5. - Osclllogreph tracea of conibustor variables during fuel acceleration  vith E b I g l C - e n t v  
Buplex end tvo eimplex nozzles. S W a t e B  altitude, 35,000 feet;  rotor speed, 58 percent rate&. 

1 

. . . . . . . . . . . . . . . . . . . .. . . .81i9E .. .. . . 
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I I 

I 
Cmgmrimted outlet temperature. cbaxt speed, 
1 d i v l e i m  gap eeccad. 
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Inlet  etatic pressure. Chart qeed, 1 division per second. 

(c) Buccessful  acceleration; 15.3-gallan-per-how~%h@ex nozzle; run 123. 

Figure 5. - Concluded. Oscillograph traces of combustor  variableB awing fuel 
ecceleration with single-entry duplex and tvo almplex nozzles. ElinniLated 
altltude, 35,000 feet; rotor speed, 58 percent rated. 

" 

" 
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200 

120 

40 

1600 

800 

0 

21, 

20 

16 

* 
t I t I 
Successful  acceleration 

13) 
"" Unsuccessful  acceleration - 

0 .4 .8 1.2 1.6 2.0 
mme, sec 

(8 )  "entry auplex nozzle 

Figure 6. - Comparison  of combustor-outlet  temperature and 
inlet-static-pressure response to fie1 acceleration with 
four  fuel nozzles. Simulated altitude, 35,000 feet3 
rotor speed, 58 percent rated. 
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0 .4 1.2 1.6 2 .o 2.4 
Time, sec 

(b) Succeeeful  accelerationj single-entry duplex nozzle; run 71. 

Figure 6. - Continued. Comperi8on of ccmbustar-outlet temperature ad 
inlet-static-pressure response to fuel accelerotion vlth four fuel 1102- 
zles. Simulated  altitude, 35,000 feeti rotor speed, 58 percent rated. 

L 
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1600 

am 

0 

0 .4 .0 1.2 1 . 6  2.0 y10.0 14.0 TlMme, sec 

( c )  Succeesful rccelerstion~ 60.O-gr~on-per-hour simplex aozzle, run 88. 
Figure 6 .  - Continued. Camparison of oaaibustar-outlet tenrperatlrre and inlet- 

static-preosure response do fuel aceelerrtion xith four fbl nozzles. sim- 
lated altitude, 35,OW feeti rotor speed, 58 percent rated. 
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(a) Successf'ul rccaleritionj 16.3-gallon-pcr-haw: simplex nozzle run 123. 

Figure 6. - Concluded. C0m;Prrison of ocmiouetar-outlet tsmperature srad in- 
let-static-pressure respouae to fuel accelexation with four fuel nozzles. 
EitLmulated altitude, 35,ooO feetj rotor speed, 58 percent rated. 
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.2 

.1 
-08 

.06 

.04 

.02 

0 
0 

.01 
,010 .014 .018 .022 .026 .om 

Fuel-air r a t i o  after acceleration 

Figure 7. - Combustor fuel-acceleration data obtained with four 
nozzles at two simulated a l t i t udes   fo r  a range of final fuel- 
air rat ios .  Rotor speed, 58 percent rated. 
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1 
.8 

.6 

.4 

w-out llmit 
uccessf'ul sccelera- 
ed, quenchout ; 

.1 
.08 

06 

.04 

.02 

.01 
3 .008 

3 .06 

El .ax 
0 
0 

.002 

.001 
.014 . o1a .022 .026 .030 .034 ,038 

. . ." - 

Fuel-air ra t io  efter acceleration 

(b) Simulated altitude, 45,000 feet. 

Figure 7 .  - Concluded. Combufitor fuel-acceleration data obtained with four 
nozzles at two simulated altitudes for a range of iinal fuel-air rattor. 
Rotor  speed, 58 percent rated. 
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Acceleration umit (dud-entry dupkx 

Tailed symb0l.s denote unsuccessful 
nozzle) 

acceleration (quenchout) 

Fuel-air ratio before scceleratioa 

(a) Simulated ut i tude ,  35,ooO feet. 

Figure 8 .  - Combustor fuel-acceleration dsta obtained with four 
nozzles at simulated altitudes for a range of initisl -1- 
rir ratios. Rotor u p & ,  58 B m n t  rated. 

35 
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.20 

,008 .010 . 012 .014 .016 
Fuel-air ratio befare acceleration 

(a) Simulated altitude, 45,OOO feet. 

Figure 8. - Concluded.. C o m b u e t o r  Rrel-acceleration data obtained with four 
nozzles at simulated altitudes  for a range of initial fuel-air ratios. 
Rotor speed, 58 percent rated. 
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- 37 

I I I I I I I 
o DusT-entry auplex nozzle 

Single-entry duplex nozzle 
0 60.0-Gallon-per-hour simplex  nozzle 

Acceleration llmit (dual-entry -lex 
nozzle) 

Tailed symbols denote unsuccessful 
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A0 

.20 

.10 

.08 

.06 

.04 

-02 

.01 

.008 
-006 

I I I I I I 
o --en& duplex  nozzle 
0 Single-entry  duplex  nozzle 

- "0 60.O-Osllon-per-~~-simplex nozzle 
v ~15.3-Gallon-per-hour 6 i m p k X  nozzle 

Acceleration limit (dual-entry  duplex t nozzle) t ion:  sfngle-te;Lled,  quenchout! 
Symbols denoting unsuccessful  accelera- t 

.002 
300 400 500 600 700 800 

Combuetor-outlet temperature before acceleration, '?F 

75 100 125 E O  175 200 226 250 
Bat-release rate before acceleration,  Btu/lb 

(b) Simulated altitude, 45,000 feet. 

Figure 9. - Cbncluded. Combutor fuel-acceleration dsta ob- 
tained with four WZZle8 at simulated altitUdee for a 
range aP combuetor-outlet tempnturee aad heat-re- 
rate8 before acceleration. Rotor speed, 58 percent rated. 
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.. 
. . " 

(b) Si*-entry dyplex nozzle. 

Figure 10. - Continued. Variation of steady-state cordbustor-outlet 
ttmgeratm. with fuel- rat10 at simulated altitudes with four 
fwl aozzles. R o t o r  speed, 56 pcrcent rated. 
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r- 
900 

800 

700 

600 

/ 
/ 

500 - / 

/ 
/ 

400 / 

(d) 15.3 Gallon-pcr-hour simplex nozzle. 

Figure 10. - ,Concluded. Vpriation of' steady-etute combustor-outlet 
temperature with fuel-air ratio at sirnula-d altitudes with four 
fuel nozzles. Rotor speed, 58 percent rated. 
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(c)  60.0 Gallon-per-hour simplex nozzle. 

Figure 10. - Continued. V8riatiOn of eteady-etate combustor-outlet 
temperature with fuel-air ratio at simulated altitudes  nith four 
fuel nozzles. Rotor speed, 58 percent rated. 
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(a) Simulated alt i tude,  35,000 feet. 

Figure ll. - Corngarison of ccmibuation efficiency obtained WFth  
four nozzles over a range of fuel-air ra t ios  at simubted 
altitudes. Rotor speed, 58 percent rated. 
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(b) Simulated altitude, 45,000 feet. 

Figure 11. - Concluded. Coqarieon of cambustion efficiency 
obtained with four nozzles onr a range of fuel-sir ratiom 
at simulated dltltudee. Rotor aped, 58 percent rated. 
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(e) 0.065 Eecond a f tm  start. 
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